The objective of this paper is to compare opensource CFD (Computational Fluid Dynamics) software for the aerodynamic analysis of a mini-UAV (Unmanned Aerial Vehicle). When low cost analysis is necessary, open-source applications seem to be the best choice; however, the quality of the open-source software may vary. Hence, this paper includes leading candidate open-source CFD software -SU 2 , OpenFOAM, and Code_Saturne. PyFR and HiFiLES will be analyzed in future work. The first part of this paper shows the geometry of two mini-UAVs used for the aerodynamic analysis. In the second section, the free software is summarized and described, including the open-source CFD applications. Although this analysis is focused on small subsonic UAVs, the software can also be applicable to other categories of aircraft (e.g., gliders, large supersonic airplanes, and MAVs); however, accuracy may be different from this research. Finally, the results of the aerodynamic analysis are recorded, evaluated, and discussed.
Introduction
UAVs are a relatively inexpensive alternative to manned aircraft for a variety of applications, including aerial reconnaissance, environmental monitoring, agriculture, meteorological research, surveying, defense, search and rescue, and detection of biological, chemical, or nuclear materials [1] [2] [3] [4] [5] [6] [7] [8] .
The majority of missions are ideally suited to small (i.e. mini) UAVs which are either remotely piloted or autonomous. Requirements for a typical low-altitude small UAV include long flight duration at speeds between 20 and 100 km/h, cruise altitudes from 3 to 300 m, light weight, and all-weather capabilities. Although the definition of small UAVs is somewhat arbitrary, vehicles with wingspans less than approximately 6 m and weight less than 25 kg are usually considered in this category [4, 6, 7] .
Because the performance and power requirement of a UAV are dependent on both effective and highly responsive control as well as on aerodynamic efficiency, the high quality of the design and control of a UAV is increasingly required nowadays [3, 7, 9, 10] .
Aircraft design begins with the conceptual phase, where major configuration changes can occur. In contrast, only minor changes to the aircraft configuration should be implemented after the conceptual phase. As a result, it is important to have accurate drag and lift predictions because the determination of the aerodynamic characteristics often plays a major role in the early stage of the design phase [11] [12] [13] . In other words, as stated in [14] : "Accurate and timely prediction of the aerodynamic characteristics of small UAVs is an essential part of military system acquisition and airworthiness evaluations." It is obvious that this statement may be applied to all UAVs, not only to the military and small UAVs.
The desire for more accurate lift and drag predictions for all types of fluid flows has resulted in the increased use of CFD. However, the accuracy should be balanced with calculation speed [11] . Although the calculations are computationally intensive, the dramatic increase in the computing power of standard hardware enables CFD analysis to be performed on standard desktop machines [15] .
CFD as an emerging major analysis tool does not contain any limitation to the UAV configuration and the aerodynamic characteristics. Nevertheless, trust in the CFD results is probably not as strong as in the wind tunnel test results [13] .
Therefore, this paper compares open-source CFD software for the aerodynamic analysis of a mini-UAV. The aerodynamic coefficients of two small subsonic UAV configurations are evaluated; moreover, the CFD results are compared with wind tunnel test data.
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It is obvious that in consideration of the statement in [16] : "results may vary significantly depending on the modeler, even using the same CFD code"; the knowledge of the CFD initialization and meshing process is important to limit the 'modeler factor,' and, as a result, to obtain more accurate aerodynamic data.
Mini-UAVs
We selected two mini-UAVs for the aerodynamic analyses: SAGITTA Demonstrator [12] and AVIGLE Tiltwing UAV [17] . Because the models of the UAVs were created using the information which was provided by authors in their papers, the proportions may not be always exact. However, the differences in geometry can be examined from the images in this paper.
SAGITTA Demonstrator
The SAGITTA research program was not focused on the mini-UAVs; however, the SAGITTA Demonstrator and its wind tunnel test meet all conditions for this kind of UAV including proportions and the Reynolds number.
The SAGITTA configuration only consists of its flying wing body, but it contains no vertical tail due to low-observability requirements [12] .
The geometry of SAGITTA Demonstrator may be seen in Figure 1 . However, for the wind tunnel tests, a 1:3-scaled model of the SAGITTA demonstrator configuration was used. The reason was the size of the Götingen-type low-speed wind tunnel which has an open test section with the dimensions of 1.8 m × 2.4 m × 4.8 m (height × width × length) [12] .
Consequently, the root chord length is 1 m, a wing span is 1.029 m, and a wing reference area is 0.528 m 2 . In addition, tip chord length is 0.025 m, a taper ratio is 0.025, an aspect ratio is 2.010, and a mean aerodynamic chord (and longitudinal reference length) is 0.667 m [12] .
The model was manufactured from fiber glass and a symmetric NACA64A012 airfoil with 12% relative thickness was chosen [12] . The force measurements of the SAGITTA demonstrator wind tunnel model were conducted at a velocity of 40 m/s. The ambient pressure and ambient temperature slightly varied between the experiments. The Reynolds number of the wind tunnel tests was approx. 1.7e 6 and the corresponding Mach number was approx. 0.12 [12] .
The reference point for the moment calculation was set to the geometrical neutral point of the wing at the point (0.41767; 0; 0) m behind the nose which almost coincides with aerodynamic center of the scaled SAGITTA Demonstrator [12] .
The measurement range was set to angles of attack from −18° to 18° with the step of 2°, and sideslip angle of 0°. Only the tail-less clean configuration was considered [12] .
AVIGLE Tiltwing UAV
The aim of the AVIGLE project was to develop an avionic digital service platform fulfilling different missions in a coordinated swarm of UAVs. A tiltwing is an aircraft which can rotate its wings including the propulsion system around the lateral axis and hence is able to take-off and land vertically as well as to hover [17] .
AVIGLE Tiltwing UAV with wing span of 2 m was designed to fly at altitudes from 0 to 300 m and 5E3-2 at velocity of 15 m/s. However, it can achieve the maximal velocity of 40 m/s with maximum takeoff weight of 10 kg [17] .
The geometry of AVIGLE Tiltwing UAV may be seen in Figure 2 . A wingspan is limited to 2 m with a wing area of 0.707 m 2 , satisfactory value of 5.7 for the aspect ratio, and wing loading of 138.755 N/m 2 [17] .
Without leading edge sweep, the trailing edge sweep is -6.1°. In addition, GOE 398 was selected as wing and tailplane airfoil for this configuration [17] . The used wind tunnel was a closed circuit tunnel with an open measurement area of 1.5 m diameter. To avoid effects, such as turbulence interactions, the maximum size measurable is limited to 1 m [17] .
Because of the size of the wind tunnel, a 1:2-scaled model of the AVIGLE tiltwing UAV was used. To ensure Reynolds similarity, the measurement velocity was doubled. Consequently, during the wind tunnel tests, the velocity was 30 m/s, and the angles of attack was in the range from -5° to 20° with step of 1° [17] . We calculated a mean aerodynamic chord of the model as 0.1333333335 m and the Reynolds number as 2.82e 5 .
Free Software
In this section, open-source, free software which assists in the CFD analysis is described. The connections between the applications are illustrated in Figure 3 . First of all, a geometry model of a mini-UAV has to be created; this may be easily performed by using OpenVSP (Vehicle Sketch Pad) which is a parametric, efficient, and easy-to-use aircraft geometry application. OpenVSP allows the user to create a 3D model of an aircraft defined by common engineering parameters. The model can be processed into formats suitable for engineering analysis; for example into STL or MSH [7, [18] [19] [20] [21] .
The designer may elect to calculate the component intersections and generate the outer mold lines of the vehicle at any point in the design process. The true wetted surface representation generated by OpenVSP is used as the starting point for volume mesh generation for CFD analysis. There may be other applications of the OpenVSP functions; for
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instance, the development of an input to a rapid prototyping machine or 3D printer, or the creation of high quality illustrations and renderings of the design concept [21, 7] .
AirfoilTools [22] can display airfoils (see Figure 4 ) from the database and it also generates the Selig and Lednicer airfoil DAT files (see Figure 5 ). Both these formats may be easily imported to OpenVSP from menu as shown in Figure 6 . . This includes export capabilities for complete OpenFOAM cases (including boundary conditions), as well as support for polyhedral cells. enGrid may also export a mesh to the MSH, CGNS, STL, and other files [25, 7] .
Although enGrid may generate valid SU 2 files, it is not able to open them. Consequently, Larosterna was used as a SU 2 viewer for the verification of exported files. A SU 2 file of SAGITTA Demonstrator displayed in Larosterna can be seen in Figure 7 .
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Figure 7. Mesh of SAGITTA Demonstrator Displayed in Larosterna
Larosterna includes a surface modelling tool and mesh generator (SUMO), and a visualization program to display surface data, flutter mode-shapes and flight trajectories (SCOPE). SUMO is not a CAD system, but rather an easy-to-use parametric sketchpad, highly specialized towards aircraft configurations (similar to OpenVSP) [7, 26, 27] .
ParaView and Excel were used for the postprocessing of results. ParaView is an open-source, multi-platform data analysis and visualization application. The data exploration can be performed interactively in 3D or programmatically using ParaView's batch processing capabilities [28] .
Computational Fluid Dynamics (CFD)
Computational Fluid Dynamics (CFD) provides a prediction of fluid flows by means of: [7, 29] • Mathematical modelling (partial differential equations)
• Numerical methods (discretization and solution techniques)
• Software tools (solvers, pre-and postprocessing utilities)
In other words, CFD uses numerical methods to solve how liquids and gases interact with surfaces [7, 15, 30] .
OpenFOAM and Code_Saturne, presented in this section, may also be found in CAELinux 2013 distribution [31] which contains many other useful tools for engineering, such as HELYX-OS (GUI for OpenFOAM) [32] , enGrid, Gmsh, ParaView, Code_Aster, Calculix, JavaFoil, JavaProp, FreeCAD, PyCAM, etc.
Stanford University Unstructured (SU 2 )
The Stanford University Unstructured (SU 2   ) suite is an open-source collection of C++ based software tools. This computational analysis and design software collection is being developed to solve complex, multi-physics analysis and optimization tasks using arbitrary unstructured meshes [7, 35, 36] .
The main solution module (SU2_CFD) started primarily as an Euler and RANS CFD solver, but has been modified to treat many other governing equations, including the adjoint equations for many of the supported governing equation systems [36, 7] .
Additional modules may be added as further capabilities are needed and included in the software. This structure makes SU 2 an ideal tool for performing multi-physics simulations, including multi-species thermochemical non-equilibrium flow analysis, combustion modelling, two-phase flow simulations, magneto-hydrodynamics simulations, and other simulations [36, 7] .
The SU 2 software suite was conceived as a common infrastructure for solving Partial Differential Equation (PDE) problems, using the Finite Volume Method (FVM) or Finite Element Method (FEM). There is no fundamental limitation on the number of state variables or the number of governing equation systems which can be solved simultaneously in a coupled or segregated way (other than the physical memory available on a given computer architecture), and the more complicated algorithms and numerical methods, including parallelization, multigrid and linear solvers, have been implemented in such a way that they can be applied without special consideration during the implementation of a new physical model [36, 7] .
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Several forms of the Reynolds-averaged NavierStokes (RANS) equations have also been implemented in SU 2 ; for instance compressible, incompressible, Arbitrary Lagrangian-Eulerian, etc. Moreover, both the laminar Navier-Stokes and Euler equations are also available in the code as subsets of the RANS equations by disabling turbulence modelling and, respectively, by completely removing viscosity [36, 7] .
Numerical discretization of the governing fluid dynamic equations using a conservative formulation often results in excess artificial viscosity at low Mach numbers. This degrades the performance of a compressible solver in regions of low Mach number flow. Preconditioning techniques such as Roe-Turkel have been developed for solving nearly incompressible flow problems using the same numerical methods developed for compressible flows. This can be particularly useful when only part of a flow field is essentially incompressible. For example, flow over a multi-element airfoil at high angles of attack has regions of both compressible and incompressible flow [36, 7] .
OpenFOAM
The OpenFOAM (Open Field Operation and Manipulation) CFD Toolbox is an open-source CFD software package which has a large user base across most areas of engineering and science [37] . For example, OpenFOAM was used for simulation of flow around flapping wings in [38] , and as a part of system for optimization of wing, body, and tail of aircraft in [7, 15] .
The overview of OpenFOAM structure can be seen in Figure 8 . OpenFOAM includes over 80 solver applications which simulate specific problems in engineering mechanics and over 170 utility applications which perform pre-and post-processing tasks, e.g. meshing, data visualization, etc. [7, 37, 39] OpenFOAM has an extensive range of features to solve anything from complex fluid flows involving chemical reactions, turbulence and heat transfer, to solid dynamics and electromagnetics. It includes tools for meshing, e.g. snappyHexMesh, a parallelized mesher for complex CAD geometries, and for pre-and post-processing. Almost everything (including meshing, and pre-and post-processing) runs in parallel as a standard application, enabling users to take full advantage of computer hardware [7, 15, 37, 39-41. Despite OpenFOAM is used mainly for CFD, it has found use in other areas such as stress analysis, electromagnetics and finance because it is fundamentally a tool for solving partial differential equations rather than a CFD package in the traditional sense. OpenFOAM has standard solvers for: [7, 42] • Basic CFD codes (Laplace, potential flow, and scalar transport solvers)
• Incompressible flow
• Compressible flow
• Multiphase flow
• Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES)
• Combustion
• Particle-tracking flows
• Heat transfer and buoyancy-driven flows
• Molecular dynamics methods
• Direct simulation Monte Carlo methods
• Electromagnetics
• Stress analysis of solids
• ODE for stiff and non-stiff systems
• Finance
Code_Saturne
Code_Saturne is open-source CFD software which solves the Navier-Stokes equations for 2D, 2D-axisymmetric and 3D flows which may be steady or unsteady, laminar or turbulent, incompressible or weakly dilatable, isothermal or not, with scalars transport if required [7, 43, 44] .
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Several turbulence models are available, from Reynolds-Averaged models (RANS models) to Large-Eddy Simulation models (LES models). In addition, a number of specific physical models are available as modules: gas, coal, biomass, pollutant, and heavy-fuel oil combustion, semi-transparent radiative transfer, particle-tracking with Lagrangian modelling, Joule effect, electric arcs, multi-physics modelling of arc welding, weakly compressible flows, atmospheric flows, rotor/stator interaction for hydraulic machines [7, 43, 44] .
The software is based on a co-located Finite Volume Method (FVM) that accepts threedimensional meshes built with any type of cell (tetrahedral, hexahedral, prismatic, pyramidal, and polyhedral) and with any type of grid structure (unstructured, block structured, hybrid) [7, 44, 45] .
Code_Saturne is composed of a kernel module (numerical solver), a preprocessor module (mesh import), and an optional GUI as shown in Figure 9 Code_Saturne can use different numerical methods: [7, 46] • Discretization
• Velocity-pressure coupling
• Linear system resolution (Jacobi (default for velocity, temperature, turbulent variables, passive scalars), algebraic multigrid (default for pressure), conjugate gradient, and stabilized bi-conjugate gradient (BI-CGSTAB))
• Convective scheme (First order Upwind Scheme, Centered scheme, Second Order Linear Upwind (SOLU) Scheme, and Blended scheme between upwind and second order scheme)
• Gradient calculation
The supported compatible mesh generators' formats include: SALOME SMESH, I-DEAS Nx, Gmsh, Gambit (Fluent), Simail, Harpoon, ICEM-CFD, and Star-CCM+ [7, 47] .
PyFR
PyFR is an open-source Python based framework for solving advection-diffusion type problems on streaming architectures using the Flux Reconstruction approach of Huynh. The framework is designed to solve a range of governing systems on mixed unstructured grids containing various element types. PyFR is also designed to target a range of hardware platforms via use of an in-built domain specific language derived from the Mako template engine. The current release (v. 1.0.0) has the following capabilities: [7, [48] [49] [50] • Governing equations -Euler, Navier Stokes
• Dimensionality -2D, 3D
• Element types -Triangles, Quadrilaterals, Hexahedra, Prisms, Tetrahedra, Pyramids
• Platforms -CPU clusters, Nvidia GPU clusters, AMD GPU clusters
• Spatial discretization -High-order flux reconstruction
• Temporal discretization -Explicit RungeKutta
• Precision -Single, Double
• Mesh files read -Gmsh (.msh)
• Solution files produced -Unstructured VTK (.vtu, .pvtu) PyFR aims to expand the industrial CFD envelope from its current RANS plateau; enabling affordable and accurate simulation of currently intractable unsteady flow problems via scale resolving approaches such as LES. As a result, it is envisaged that PyFR may have significant impact in a range of application areas including design of nextgeneration unmanned aerial vehicles, aircraft noise reduction, design of jet engines, and other areas.
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However, PyFR is not currently a fully-fledged production flow solver; in addition, no level of support is guaranteed [7, 48, 49] .
High Fidelity Large Eddy Simulation (HiFiLES)
Because of new aircraft roles (e.g. very small or large concepts, Reynolds numbers 10 4 -10 7 , very high or low altitude, Mach numbers between ca. 0.01-1.0, quiet vehicles, low fuel consumption vehicles, etc.), the need for high-fidelity simulation techniques to predict their performance is growing; furthermore, revolutionary aircraft design concepts may appear in the near future. As a result, high-order numerical methods may find their place in the aeronautical industry [7, [50] [51] [52] .
HiFiLES is open-source software, written in C++ and it contains high-order numerical methods for flow simulations capture complex phenomena like vortices and separation regions using fewer degrees of freedom than their low-order counterparts. The High Fidelity (HiFi) provided by the schemes, combined with turbulence models for small scales and wall interactions, gives rise to a powerful LES software package [7, 53] .
HiFiLES v. 0.1 contains the following capabilities: [7, 51, 53 • High-order compressible Navier-Stokes and Euler equations solver in 2D and 3D with support for triangular, quadratic, hexahedral, prismatic, and tetrahedral elements. Implementation for spatial orders of accuracy 2 through 4 has been verified.
• Numerical scheme: Energy-Stable Flux Reconstruction.
• Time advancement: explicit time-stepping with low-storage RK45 method (4 th order) or forward Euler (1 st order). Local timestepping when running on CPUs.
• Boundary conditions: Wall: no-slip isothermal, no-slip adiabatic, and symmetry (slip wall). Inflow and outflow: characteristic, supersonic, subsonic. Periodic.
• High-order surface representation.
• Mesh format compatibility: neutral (.neu) and Gmsh (.msh).
• Large Eddy Simulation: Sub-grid Scale Models: Smagorinsky, WALE, similarity, and combinations of these. Wall models: log-law, three-layer Breuer-Rodi.
• Parallelization: MPI, and GPU (strong scalability 88% of ideal for up to 16 GPUs; weak scalability above 90% of ideal for up to 16 GPUs).
Aerodynamic Analysis
In this section, the aerodynamic coefficients (lift and drag) of two mini-UAVs are calculated by using open-source CFD software and the results are compared to the wind tunnel test data. The initial setting of CFD was based on the wind tunnel test conditions described in the previous sections.
We analyzed three applications: SU 2 , OpenFOAM, and Code_Saturne. In SU 2 , we used two flow numerical methods: ROE (Roe's Approximate Riemann Solver) and JST (Jameson-Schmidt-Turkel).
When the calculation of lift and drag coefficients was necessary, the following equations were used:
Where L and D are the lift and drag per unit span, q is the flow dynamic pressure, and s is the wing area. The dynamic pressure q is defined as (3), where ρ is the fluid density, and v is the freestream velocity. [12, 54, 55 
Different solvers may use different algorithms; however, simpleFoam solver (from OpenFOAM) is probably the best example how solvers work. It is a steady-state solver for incompressible, turbulent flow and uses the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm. This algorithm allows coupling the Navier-Stokes
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equations with an iterative procedure, which can be summarized as follows: [40, 41] • Set the boundary conditions.
• Solve the discretized momentum equation to compute the intermediate velocity field.
• Compute the mass fluxes at the cells faces.
• Solve the pressure equation and apply under-relaxation.
• Correct the mass fluxes at the cell faces.
• Correct the velocities on the basis of the new pressure field.
• Update the boundary conditions.
• Repeat till convergence.
SAGITTA Demonstrator
You may compare the original mesh in Figure 10 with mesh prepared for this research in Figure 11 . As can be seen, our mesh seems to be more detailed; nevertheless, the main shape is the same. It should be noted that the x-axis points backwards in the direction of the freestream, while the y-axis points rightwards and the z-axis upwards. The dependence of drag and lift coefficients on angle of attack (α) is shown in Figures 12, 13 , and 14. Because the SAGITTA Demonstrator has fully symmetrical shape, the CFD data was mirrored to negative angles of attack while the wind tunnel test data was measured for negative α-values as well. with ROE is not appropriate for the analysis of this UAV; however, SU 2 with JST gives the most accurate drag coefficients, especially at lower angles of attack (α <= 14°).
The differences may be caused by the differences between the initial settings of the CFD analyses and the real physical conditions during the wind tunnel test; in other words, the CFD conditions are almost ideal but the wind tunnel test conditions are not.
For example, the measured wind tunnel drag coefficient curve is not fully symmetric around α of 0°. This observation may indicate a small asymmetry of the SAGITTA Demonstrator wind tunnel model with respect to the x-y plane or rather small deficiencies in the correct positioning of the wind tunnel model within the test section [12] .
AVIGLE Tiltwing UAV
The geometry of the AVIGLE UAV was modelled not only with the elements shown in Figure  2 but also with the engine pod, spinner and landing gear seen in Figure 15 . These parts were not included in the drawing; however, they were used during wind tunnel test; hence, they should be included to obtain more accurate results.
Nevertheless, because there is no information about the proportions of these components, they had to be estimated. You may compare the wind tunnel model of AVIGLE Tiltwing UAV in Figure 15 with our model, designed in OpenVSP, in Figure 16 . 
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The dependence of drag and lift coefficients on angle of attack is illustrated in Figures 17, 18 , and 19. The differences may be caused by the same reasons noted in the previous section; furthermore, the geometry is probably not exact in all particulars. We were also not able to generate prismatic boundary layer in enGrid because the application crashes or generates the layer wrongly in this case; thus, only volume elements were created.
In spite of the complications, the results are better than expected -the curves are very similar to each other, especially for the lift coefficients. On the other hand, the drag coefficients are underestimated. One of the reasons is the missing boundary layer which would increase the drag coefficient. 
Discussion and Conclusion
The CFD calculations of the aerodynamic coefficients of two mini-UAVs are examined in this paper. The first part of this paper shows the geometry of two mini-UAVs analyzed. In the second section, the free software used in this research is summarized and described, including the open-source CFD applications.
As noted, the wind tunnel data sets of SAGITTA Demonstrator are found to exhibit some asymmetric effects that should not be present as a result of geometrical symmetries of the UAV [12] . This situation demonstrates that although the trust in the CFD results is probably not as strong as in the wind tunnel test results [13] , the results of a wind tunnel test may vary depending on the wind tunnel itself, measuring instruments, the manufacture quality of the wind-tunnel model, and also on human factor.
In contrast, the results of CFD analysis may vary depending on the software, developers, geometry and mesh quality of the CFD model, and also on the modeler.
Based on Figures 12, 13, 14, 17 , 18, and 19, it can be concluded that the CFD software with appropriate settings may meet the requirements for accurate computations of lift and drag coefficients.
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The best obtained results agree sufficiently with the wind tunnel test data; consequently, the CFD data should be valid. Considering the previous statement we can conclude that this CFD software offers a suitable alternative to wind tunnel. Nevertheless, very accurate CFD tests are still more time consuming (several hours for 1 case) than wind tunnel tests but also cheaper.
The results illustrate that the trends (as well as values) of drag and lift coefficients are very similar for OpenFOAM and Code_Saturne. In addition, these two applications have similar graphical user interface -if we also take into account HELYX-OS -which may help with the fast understanding of this software and with the port of a CFD case already existing.
When we compare SU 2 flow numerical methods, we may state that JST is more accurate for symmetrical UAVs (or wings) with higher Reynolds number (1.7e 6 ) and with Mach number of 0.1176. On the other hand, ROE is more accurate for asymmetrical UAVs with lower Reynolds number (2.82e 5 ) and with Mach number lower by 25 % (0.0882). The Reynolds numbers are probably the main reason why the accuracy differs. This situation proves that the suitable setting of CFD analysis is very significant.
It should be emphasized that appropriate preprocessing tools are also very important in CFD analysis; e.g. OpenVSP is very useful for the conceptual design of any aircraft, and enGrid for volume mesh creation and conversion.
In summary, we can agree with the statement in [16] that "CFD can provide results almost as accurate as a wind tunnel that are often more useful due to the sophisticated visualization and domain wide measurements characteristic of CFD". As a result, CFD may be used as substitute for the wind tunnel.
Future Work
We would like to extend our research on this topic by using 3D printed models which would be sent for analysis to a wind-tunnel test department.
And because the computer model should be identical with the printed model (or at least very similar), the results of CFD analysis could be evaluated more precisely and objectively.
Our extended study should contain the results from PyFR and HiFiLES.
